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(54) DISPERSION COMPENSATING RBER 



(57) The dispersion-compensating ftoer according 
to the present invention is an optk^al fiber having a struc- 
ture which, when constituting an optical transmission 
line together with a dispersion-shifted fiber, whose zero- 
dispersion wavelength is in a 1 .5-jim wavelength band, 
for guiding light signals in the 1 .5-^m wavelength band 
or 1.6-^m wavelength band, is capable of improving 
transmission characteristics of the whole optical trans- 
mission tine and allowing the dispersion to be compen- 
sated for efficiently and the size thereof to become 
smaller; and has a structure for improving the total dis- 



persion slope of the optical transmission line while in a 
state fully connpensating for the dispersion of the disper- 
sion-shifted fiber. This dispersion-compensating ftoer 
has a triple cladding structure having a first cladding, a 
second cladding, and a third cladding which are succes- 
sively provided on the outer periphery of a core; and, in 
a state where the relative refractive index differences in 
the regions and outside diameters thereof are optimized 
so as to compensate for the dispersion-shifted fiber, re- 
alizes an optical transmission system having a favorable 
total dispersion slope. 
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Description 
Technicai Field 

[0001] The present invention relates to a dispersion- s 
compensating fiber which Is employed to an optical 
transmission line including a dispersion-shifted fiber ca- 
pable of long-haul, large-capacity optical communica- 
tions utilizing wavelength division multiplexing (WDM) 
signals in a 1 .5-fim wavelength band or 1 .6-pjn wave- 
length band and compensates for the dispersion of the 
dispersion-shifted fiber. 

Background Art 

[0002] In optical fiber transmission line networks used 
for high-speed, large-capacity communications over a 
long haul, the dispersion (chromatic dispersion) ex- 
pressed by the sum of the material dispersion (disper- 
sion caused by the wavelength dependence of refrac- 
tive Index inherent In the material of the optical fiber) 
and structural dispersion (dispersion caused by the 
wavelength dependence of the group velocity in the 
propagation mode) in the single-mode optical fiber enr>- 
ployed as their transmission medium is a limiting factor 
for the transmission capacity. Namely, even when light 
outputted from a light source is assumed to have a sin- 
gle wavelength, It has an unifonnn spectrum width in the 
strict sense. When such an optical pulse propagates 
through a single-mode optical fiber having a predeter- 
mined chromatic dispersion characteristic, the pulse 
fomn may collapse since the propagation velocity varies 
among definite spectral components. This dispersion is 
expressed by a unit (ps/km/nm) of propagation delay 
time difference per unit spectmmwidth (nm) and unit op- 
tk:al fiber length (km). Also, it has been known that the 
material dispersk>n and structural dispersion cancel 
each other in the singleHmode optical fiber, so that the 
dlspersk>n becontes zero in the vicinity of 1 .31 ^m. 
[0003] A dispersion-shifted fiber is an optical fiber 
whose zero-dispersion wavelength has been shifted 
from a 1 .3-p.m wavelength band to a 1 .55-pjn wave- 
length band since the transmission loss of optcal fibers 
t>ecomes the lowest in the 1 .SS^im wavelength band; 
and a dispersron-compensating fiber is used as means 
for compensating for the dispersion of the dispersion- 
shifted fiber in general. As a tech nk^ue for compensating 
for such a dispersion-shifted fiber, Japanese Patent Ap- 
plication Laid-Open No. HE1 10-39155 discloses a dis- 
persion-compensating fiber and an optcal transmission 
system using the same, for example. 
[0004] Though being designed such that its disper- 
sion becomes zero at a predetemnined wavelength near 
the wavelength of 1 .55 ^m, the dispersion-shifted fiber 
has a positive dispersion slope, thus being hard to sup- 
press the occun'ence of chromatk; dispersion over the 
whole wavelength band in use. As a consequence, in 
communications based on the wavelength division mul- 



tiplexing (WDM) system, which multiplexes light signals 
having wavelengths different from each other and there- 
by enables the transmission capacity to further in- 
crease, and the like, various transmission characteris- 
tics may deviate among wavelengths. For this matter, 
the above-mentioned dispersion-compensating fiber 
disclosed in Japanese Patent Applk^ation Laid-Open 
No. HEI 10-39155 is configured so as to improve the 
dispersion slope of the optcal transmission line includ- 
ing the dispersion-shifted fiber as well. 
[0005] Here, the dispersion slope Is given by the gra- 
dient of a graph which indk^tes chromatk: dispersion, 
and is expressed by a unit (ps/nm^/km). 

Disclosure of the Invention 

[0006] The inventors have studied tiie conventional 
dispersion-compensating fiber and, as a result, have 
found problems as follows. Namely, the conventional 
dispersion-compensating fiber aimed at compensating 
for the dispersion of the dispersion-shifted fiber has a 
small chromatic dispersbn, thereby necessitating a 
longer fiber length for compensating for the dispersion 
of the dispersion-shifted fiber. As a consequence, the 
efficiency of dispersion compensation has been low, 
and the apparatus and the like have inevitably increased 
tiieir size. In addftion, various characteristics of the con- 
ventional dispersion-compensating fiber applied to the 
dispersion-shifted fiber to be compensated for have not 
fully been optimized, and the dispersk>n sk>pe in the op- 
tical transmission line to whteh the dispersion-shifted fib- 
er is applied has not been improved sufficiently. 
[0007] In order to overcome the foregoing problems, 
it is an object of the present invention to provkJe a dis- 
persion-compensating fiber comprising a structure 
which compensates for the dispersion of a dispersion- 
shifted fiber, improves the total dispersion slope of an 
optical transmission system including the dispersron- 
shifted fiber over a wider wavelength band when applied 
thereto, and enables the dispersion to be compensated 
for efficiently and the apparatus to become smaller. 
[0008] The dispersion-compensating fiber according 
to the present invention guides light signals of a 1 .5-pjn 
wavelength band or 1 .6-^m wavelength band. It is an 
optical fiber for compensating for thedispersionof a dis- 
persion-shifted fiber having a zero-dispersion wave- 
length in the 1 .5-pm wavelength band, and comprises 
a core region extending along a predetemnined refer- 
ence axis and a cladding region provided on the outer 
periphery of the core region. The core region is consti- 
tuted by a core having an outskie diameter 2a. The clad- 
ding region is constituted by a first dadding provided on 
the outer periphery of the core and having an outside 
diameter 2b; a second cladding provided on the outer 
periphery of the first cladding and having an outside di- 
ameter 2c; and a third cladding provided on the outer 
periphery of the second cladding. 
[0009] In this dispersion-compensating fiber, the re- 



15 



20 



25 



30 



35 



40 



45 



50 



2 



3 



EP1 130 428 A1 



4 



fractive index of the core, the refractiv index ^2 of 
the first cladding, the refractive index n3 of the second 
cladding, and th refractive index n^ of the third cladding 
satisfy the condition of n^>n3>n4>n2. Also, the respec- 
tive relative refractive index differences and Ag of the 
core and first cladding with respect to the third cladding 
satisfy at least the conditions of 1% ^ ^ 3%, and Ag 
^ -0.4%. Further, in this dispersion-compensating fiber, 
the outside dianneter 2a of the core and the outside di- 
ameter 2c of the second cladding satisfy the condition 
of 2ay2c ^ 0.3. 

[0010] The dispersion-compensating fiber according 
to the present invention is characterized in that, when 
constituting an optical transmission system together 
with a dispersion-shifted fiber through which light sig- 
nals of the 1 .5-nm wavelength band or 1 wave- 
length band propagate, it has a length sufficient for the 
optical transmission system to yield a total dispersion 
slope of -0.024 ps/nm^/iaTr, or more but 0.024 ps/nm^/ 
km or less with respect to respective light signals having 
a shortest wavelength Xs and a longest wavelength \ 
in signal wavelengths within the wavelength band in 
use. 

[0011] Specifically, the dispersion-compensating fib- 
er has a length Lqcf which is set so as to satisfy the 
following condition with respect to light having a wave- 
length Xm in signal wavelengths within the wavelength 
band in use: 

iDosF(Xm) . Ldsf + DdcfI^"^) ' *-dcf' = 200 ps/nm 
where 

Ddsf(^) dispersion of the dispersion-shifted 
fiber at the wavelength Xm; 
Lqsp is the length of the dispersion-shifted fiber; 
DocpCXm) is the dispersion of the dispersion-com- 
pensating fiber at the wavelength Xm; and 
1_QQP is the length of the dispersion-compensating 
fiber. 

[001 2] More preferably, the length Lqqp of the disper- 
sion-compensating fiber is set so as to satisfy the fol- 
lowing condition with respect to all signal wavelengths 
Xaii of light within the wavelength band in use: 

IDospC^an) * Ldsf + Ddcf( >-ai) ' Lqcf' = 200 ps/nm 
where 

Dqsf(^i) 's the dispersion of the dispersion-shifted 
fiber at all the wavelengths in use; 
Losp is the length of the dispersion-shifted fiber; 
Ddcf{^) 's the dispersion of the dispersion-com- 
pensating fiber at all the wavelengths in use; and 
IS the length of the dispersion-compensating 



fiber. 

[0013] Also, th relative refractive index differ nee A^ 
of the core with respect to the third cladding preferably 

5 satisfies the condition of 1 % ^ A^ ^ 2% If a low r trans- 
mission loss is required, and preferably satisfies the 
condition of 2% ^ A^ ^ 3% if a higher dispersion com- 
pensation efficiency is required due to a higher disper- 
sion , and the range of can be set appropriately in view 

10 of various conditions such as use, equipment, and the 
like. 

[0014] Thus, the dispersion-compensating fiber conn- 
prising a core region having a single core and a cladding 
region provided on the outer periphery of the core region 
15 and having three claddings (a triple cladding structure) 
can improve the total dispersion slope in the optical 
transmission system to whch the dispersion-compen- 
sating fiber is applied, if the refractive index and outside 
diameter of each part thereof are set so as to satisfy 
20 such conditions as those mentioned above. Also, when 
the dispersion-compensating fiber is formed into a nnod- 
ule, it is possible to select a chromatic dispersion having 
an absolute value whk;h is large enough to enable the 
dispersion to be compensated for efficiently and the ap- 
25 paratus to become smaller. 

[0015] In particular, while the dispersion-shifted ftoer 
has a large dispersion slope notwithstanding the fact 
that Its dispersion has a small absolute value, the dis- 
persion compensation effected by a dispersion-com- 
30 pensating fiber having a double cladding structure can- 
not conrrpensate for the dispersion slope and the disper- 
sion at the same time, or necessitates a length on a par 
with the dispersion-shifted fiber to be compensated for. 
Further, there are practical problems such as greater 
35 bending loss. When the triple cladding structure as nren- 
tioned above is employed in the cladding regk>n, various 
characteristics of the dispersion-corrtpensating fiber can 
be optimized for overcoming such problems. 
[0016] For example, in the dispersion-compensating 
^ fiber having a triple cladding structure, the length of the 
dispersion-compensating fiber necessary for dispersion 
compensation can be made shorter as the absolute val- 
ue of the dispersk)n having a negative value is greater, 
whereby the dispersion compensation can be made 
« more efficient. In partkxilar, the fact that the relative re- 
fractive index difference A^ of the core with respect to 
the thireJ cladding is 1 % or more but 3% or less is equiv- 
alent to the fact that, for example, the dispersion with 
respect to light having a wavelength of 1 .55 ^m is about 
50 -200 ps/nnVkm or more but 0 ps/nm/km or less. 

[0017] Also, the fact that the relative refractive index 
difference A^ of the core with respect to the third clad- 
ding is 1% or more but 2% or less is equwalent to the 
fact that, for example, the dispersion with respect to light 
55 having a wavelength of 1 .55 pjn is about -1 00 ps/nm/ 
km or more but 0 ps/nm/km or less. Similarly, the fact 
that the relative refractive index difference A^ of the core 
with respect to the third cladding is 2% or more but 3% 
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or less is equivalent to the fact that, for example, the 
dispersion with respect to light having a wavelength of 
1 .55 nn) is about -200 ps/nm/km or more but -1 00 ps/ 
nm/km or less. 

[0018] Though the dispersion increases as the value 
of is enhanced, it Is necessary that, for example, the 
amount of GeOg added to the core be increased in order 
to enhance the value of A^. On the other hand, an in- 
crease in the amount of addition of Ge02 causes the 
transmission loss to increase. Therefore, it is preferred 
that, within the range of condition concerning A^, the 
condition of 1% ^ A^ ^ 2% and the condition of 2% ^ 
Ai ^ 3% be appropriately selected, in view of various 
conditions such as use, equipment, and the like, in the 
respective cases where a lower transmission loss and 
a higher dispersion compensation efficiency due to a 
higher dispersion are required. 
[001 9] Here, in the dispersion-compensating fiber ac- 
cording to the present invention, the relative refractive 
index difference A3 of the second cladding with respect 
to the third cladding preferably satisfies the condition of 
A3 ^ 0.1%. Also, the ratio of the outside diameter of the 
core to the outside diameter of the first cladding prefer- 
ably satisfies the condition of 0.2 ^ 2a/2b ^ 0.5. In ad- 
dition, with respect to light having a wavelength of 1 .55 
\im, the dispersion-compensating fiber according to the 
present invention has a bending loss of 1 0 dB/m or less 
at a diameter of 60 mm, a polarization mode dispersion 
of 0.5 ps • km-"*^ or less, and a transmission loss of 1 
dB/km. 

[0020] In practk^e, there is a case where such a dis- 
persion-compensating fiber is employed as a small-size 
module wound like a coil. In this case, in particular, low- 
ering the t>ending loss enables the apparatus to reduce 
its size and suppress its accompanying increase in 
transmission loss. 

[0021] When an optical transmission system is con- 
stituted by a dispersion-shifted fiber through which 
WDM signals of the 1 .55-^m wavelength band propa- 
gate and the dispersion-compensating fiber having a 
length suffcient for compensating for the dispersion of 
the dispersion-shifted fiber as mentioned in the forego- 
ing, this optical transmission system yields a total dis- 
persion stope of -0.024 ps/nm^/km or more but 0.024 
ps/nrT)2/km or less, preferably -0.012 ps/nm?/km or more 
but 0.012 ps/nm?/km or less, with respect to respective 
light signals having the shortest wavelength X3 and the 
longest wavelength Xf_ in signal wavelengths within the 
wavelength band in use. 

Brief Description of the Drawings 

[0022] 

Fig. 1A is a view showing a cross-sectional struc- 
ture of a dispersion-compensating fiber according 
to the present invention, whereas Fig. 1 B is a chart 
showing the refractive index profile of the disper- 



sion-compensating fiber shown in Fig. 1 A; 
Fig. 2 is a view showing an example of an optical 
transmission system to whbh the dispersion-com- 
pensating fiber according to the present invention 

5 is applied; 

Figs. 3A to 3C are graphs showing dependence 
characteristks of dispersion, dispersion slope, and 
bending loss at a diameter of 60 mm upon core out- 
side diameter in a first embodiment of the disper- 

10 sion-compensating fiber according to the present 
invention, respectively; 

Fig. 4 is a graph showing relationships between dis- 
persion and dispersion sbpe in the dispersion-com- 
pensating fiber according to the first embodiment; 

15 Figs. 5A to 5C are graphs showing dependence 
characterisfics of dispersion, dispersion sk>pe, and 
bending loss at a diameter of 60 mm upon core out- 
side diameter in a second embodiment of the dis- 
persion-compensating fiber according to the 

20 present invention, respectively; 

Rg. 6 is a graph showing relationships between dis- 
persion and dispersion slope In the dispersion-com- 
pensating fiber according to the second embodi- 
ment; 

25 Fig. 7 is a graph showing relationships between dis- 
persion and dispersion slope in a third embodiment 
of the dispersion -compensating fiber according to 
the present invention; 

Rgs. BA to BE are graphs showing dependence 

30 characteristcs of total dispersion slope, dispersion, 
bending loss at a diameter of 20 mm, effective area 
(Aefr). and cutoff wavelength on core outside diam- 
eter in the dispersion-compensating fiber according 
to the third embodiment, respectively; 

35 Rg. 9 is a graph showing relationships between dis- 
persion and dispersion slope In a fourth embodi- 
ment of the dispersion-compensating fiber accord- 
ing to the present invention; 
Rg. 1 0 is a graph for comparing the dispersion of 

40 the dispersion-compensating fiber according to the 
fourth embodiment and the dispersion of a disper- 
sion-compensating fiber (comparative example) 
having a double cladding structure; 
Fig. 1 1 is a chart showing the refractive index profile 

45 of the conparative example (dispersion-compen- 
sating fiber) having a double cladding structure; 
Fig. 12 is a graph showing relationships between 
dispersion and core outside diameter when A^ is 
changed in the dispersion-compensating fiber ac- 

50 cording to the fourth embodiment; 

Fig. 13 is a graph showing relationships between 
dispersk)n and bending loss at a diameter of 40 mm 
when A^ is changed in the dispersion-compensating 
fiber according to the fourth embodiment; 

55 Fig. 14 is a graph showing relationships between 
dispersion and core outside diameter wh n 2a/2b 
is changed in the dispersion-compensating fiber ac- 
cording to the fourth embodiment; 
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Fig. 15 is a graph showing relationships between 
dispersion and bending loss at a diameter of 40 mm 
when 2a/2c is changed in the dispersion-compen- 
sating fiber according to the fourth embodiment; 
Fig. 16 is a graph showing relationships between s 
dispersion and core outside diameter when 2a/2c 
is changed In the dispersion-compensating fiber ac- 
cording to the fourth embodiment; 
Fig. 17 is a graph showing relationships between 
dispersion and bending loss at a diameter of 40 mm io 
when 2a/2c is changed In the dispersion-compen- 
sating fiber according to the fourth embodiment; 
Fig. 1 8 is a (first) graph showing the wavelength de- 
pendence of the dispersion in an optical transmis- 
sion system constituted by a disperslon-compen- is 
sating fiber according to the present invention and 
a dispersion-shifted fiber; 

Fig. 1 9 Is a (second) graph showing the wavelength 
dependence of the dispersion in an optical trans- 
mission system constituted by a dispersion-com- 20 
pensating fiber according to the present invention 
and a dispersion-shifted fiber; 
Fig. 20 is a view showing another configu rational 
example of the optical transmission system to which 
the dispersion-compensating fiber according to the 25 
present Invention is applied; and 
Fig. 21 is a view showing still another conf igu ration- 
al example of the optical transmission system to 
which the dispersion-compensating fiber according 
to the present invention is applied. 

Best Modes for Carrying Out the Imrentlon 

[0023] In the following, embodiments of the disper- 
sion-compensating fiber according to the present inven- 
tion will be explained with reference to Figs. 1 A, IB, 2, 
3A to 3C, 4, 5A to 5C. 6, 7, 8A to BE. and 9 to 21 . Here, 
constituents identical to each other in the drawings will 
be referred to with numerals or letters Identical to each 
other without repeating their overlapping explanations. 
Also, ratios of dimensions in the drawings do not always 
match those explained. 

[0024] Fig. 1A is a view showing a cross-sectional 
structure of a dispersion-compensating fiber according 
to the present invention. This dispersion-compensating 
fiber 100 comprises a core region having a core 1 with 
an outside diameter 2a; and a cladding region 5 of a 
triple cladding structure constituted by a first cladding 2 
provided on the outer periphery of the core 1 and having 
an outside diameter 2b, a second cladding 3 provided 
on the outer periphery of the first cladding 2 and having 
an outside diameter 2c, and a third cladding 4 provided 
on the outer periphery of the second cladding 3. Fig. 1 B 
is a chart showing a refractive index profile 550 of the 
dispersion-compensating fiber 100 shown in Fig. 1 A In 
a diametric direction thereof (direction indicated by the 
line L in the chart). Here, the abscissa of the refractive 
index profile 550 shown In Fig. 1 B corresponds to indi- 



vidual parts along the line L In Fig. 1 A on a cross section 
perpendicular to the center axis of the core 1 . Hence, in 
the r tractive index profile 550 in Fig. 1 B, areas 1 0, 20, 
30, and 40 indicate the refractive indices of individual 
parts on the line L of the core 1 , first cladding 2, second 
cladding 3, and third cladding 4, respectively. 
[0025] The dispersion-compensating fiber 100 is an 
optical waveguide mainly composed of SlOg (silica 
glass), and Its characteristics are controlled by the out- 
side diameter and refractive index of each region con- 
stituting the dispersion-compensating fber 1 00, and the 
like. Here, A In the refractive Index profile 550 shown in 
Fig. 1 B indicates the relative refractive index difference 
of each region with reference to the refractive index of 
the third cladding 4, and is defined as follows: 

Ai =(ni -n4)/n^ 
A2 = (ng - nj / n^ 



A3 = (n3-n^)/n^ 

[0026] Here, n^. n2, n3, and n4 are refractive Indices 
of the core 1 , first cladding 2, second cladding 3, and 
third cladding 4, respectively. Also, the relative refractive 
index difference A In this specification ts expressed in 
terms of percent, and the refractive indices of individual 
regions in each defining expression may be arranged in 
any order Consequently, a negative value of A indicates 
that the refractive index of its con-esponding region is 
lower than the refractive Index of the third cladding 4. 
[0027] The dispersion -compensating fiber according 
to the present invention Is configured such that the re- 
spective refractive indices of the abovennentioned indi- 
vidual regions 1 to 4 satisfy the following condition (1): 

n., > ng > n^^ > ng (1) 

As a consequence, the respective relative refractive in- 
dex differences of the Individual regions with respect to 
the third cladding 4 satisfy the following condition (1a): 

A.,>A3>0%>A2 (1a) 

(Conditions (1) and (la) are equivalent to each other.) 
Namely, they are configured such that Ai and A3 have 
positive values, A2 has a negative value, and A-, has the 
largest value. 

[0028] An optical fiber with a triple cladding structure 
having such a refractive index profile is constructed, for 
example, as follows. The outermost third cladding 4 is 
formed from SIO2. In contrast, the core 1 and the second 
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cladding 3, which are mainly connposed of Si02, are 
doped with respective predetermined amounts of Ge02. 
such that their refractive Indices are controlled so as to 
become higher than the refractive index of SIO2. On the 
other hand, th first cladding 2 mainly composed of SI02 
is doped with a predetemnined amount of F (fluorine), 
such that its refractive index is controlled so as to be- 
come lower than that of SIO2. Here, the configuration 
mentioned above is just an example of specific methods 
and configurations of refractive index control by means 
of such impurity doping, which is not restrictive. For ex- 
ample, the third cladding 4 may not be pure Si02, but 
may be doped with a predetermined amount of a refrac- 
tive index adjusting agent such as F 
[0029] Thei r respective relative refractive Index differ- 
ences further satisfy the following conditions (2) and (3): 

1% ^ Ai ^ 3% (2) 



A2 ^ -0,4% (3) 

Also, their respective outside diameters satisfy the fol- 
lowing condition (4): 

2a/2c^0.3 (4) 

When the refractive index and outside diameter of each 
region are set as mentioned above, a dispersion-com- 
pensating fiber capable of sufficientiy improving a dis- 
persion slope is obtained. Also, when the following con- 
ditions (5) and (6): 

A3 ^ 0.1% (5) 



0.2 ^ 2a /2b ^ 0.5 (6) 

are satisfied, a further preferable dispersion-compen- 
sating fiber is obtained. 

[0030] Here, the dispersion of the dispersion-com- 
pensating fiber is, for example, with respect to a wave- 
length of 1 .55 Jim, about 0 ps/nm/km when A^ = 1 %, and 
about -200 ps/nm/km when A^ = 3%. Consequently, if 
the value of A^ is increased within the range of 1 % ^ A^ 
^ 3% of condition (2) concerning the relative refractive 
index difference A-t of the core 1 with respect to the third 
cladding 4, then the absolute value of the dispersion 
having a negative value can be enhanced, whereby the 
dispersion compensation can be made more efficient. 
In order to increase the value of A-,, on the otiier hand, 
it is necessary that, for example, the amount of Ge02 
added to the core 1 be increased so as to enhance the 
refractive index n^ thereof. In this case, however, trans- 



mission loss would increase due to the increase in 
Rayleigh scattering caused by Ge02 b ing added, and 
die like. Since the upper limit value of A^ is set to 3%, 
the dispersion-compensating fiber according to the 
5 present invention can suppress th transmission loss 
thereof to 1 dB/km or less, while securing suffk;ient dis- 
persion compensation for the dispersion-shifted fiber to 
be compensated for. 

[0031] Further, the range of condition (2) may be 
10 changed to the following two conditions (7) and (8): 

1% ^ Ai ^ 2% (7) 



2% ^ A^ ^ 3% (8) 

Respective dispersion-compensating fibers satisfying 
these two conditions may be selected as necessary. 
Namely, A^ may be selected so as to match condition 
(7) if a lower transmission loss is more important, where- 
as A^ matching condition (6) may be selected if a higher 
dispersion is more important. 

[0032] Also, while polarization mode dispersion 
(PMD) enhar^ces along with increases in out-of -round- 
ness which represents the deviation of the fomn of the 
core 1 from a perfect circle, the polarization nrxxJe dis- 
persion caused by the deviation from the perfect circle 
also increases as the refractive index of the core 1 is 
greater, i.e., the value of A^ is greater. Since the upper 
limit of Ai is suppressed to 3% or less, the dispersbn- 
compensating fiber according to the present invention 
can suppress its polarization mode dispersion to 0.5 ps 
• km""*^ or less when the out-of-roundness is 0.5% or 
less, for exannple. 

[0033] Rg. 2 is a view showing a conf)guratk)naJ ex- 
ample of an optical transmission system to whch the 
dispersion-compensating fiber according to the present 
invention is applied. In this optk:al transmissbn system, 
one end (entrance end) of a dispersion-shifted fiber 200 
to be compensated for is optically connected to a trans- 
mitter 400 by way of an optical fiber transmission line 
300 such as a single-mode optical fiber, whereas the 
other end (exit end) thereof is optically connected to one 
end (entrance end) of the dispersion-compensating fitt- 
er 100 according to the present invention. On the other 
hand, the other end (exit end) of the dispersion-compen- 
sating fiber 1 00 is optically connected to a receiver 500 
by way of an optbat fiber transmission line 300 such as 
a single-mode optical fit>er. 

[0034] Here, the total dispersion and total dispersion 
slope in the optfeal transmission system to whk:h the dis- 
persion-compensating fiber 100 is applied are defined 
as follows. Namely, the total dispersion of the optical 
ti-ansmission system constituted, as shown in Fig. 2, by 
the dispersion-shifted fiber 200 with a length of Lq3p 
having a dispersion Dqsf C ^ ps/nnr^/km at a wavelength ^ 



20 



25 



30 



35 



40 



45 



50 



6 



11 



EP1 130 428 A1 



12 



of 1 .55 ^m) and a dispersion slope Sqsf (0 06 ps/nnn^/ 
km) and the dispersion-compensating fiber 100 with a 
length of Lqcf having a dispersion Dpcp and a disper- 
sion slope S^cf 9'^ nby: 

^DSF • '-DSF + ^DCF * ^DCF 

Also, the total dispersion slope in the optical transmis- 
sion system is given by: 

(^DSF ' ^DSF ^DCF * '"CX^f) ^ ^DSF 

Here, since the length of the dispersion-compensating 
fiber 100 is much shorter than that of the transmission 
line portion constituted by the dispersion-compensating 
fiber 1 00 and the dispersion-shifted fiber 200, its contri- 
bution to the total dispersion and total dispersion slope 
in the optical transmission system is negligible. 
[0035] The dispersion-compensating fiber according 
to the present invention has such characteristics that, in 
the optical transmission system to which it is applied to- 
gether with the dispersion-shifted f iber, the value of total 
dispersion slope becomes -0.024 ps/nm?/km or more 
but 0.024 ps/nm2/km or less under the condition where 
its dispersion is sufficiently compensated for with re- 
spect to light having a wavelength of 1 .55 jim, i.e., under 
the condition where the total dispersion becomes zero. 
[0036] The basts for this numerical range of total dis- 
persion slope IS as follows. Namely, in the case of WDM 
transmission with a signal bandwidth of 30 nm and a 
transmission length of 300 km, a difference of 216 ps/ 
nm occurs between both ends of the signal band (the 
shortest and longest wavelengths in the signal band) 
when the total dispersion slope is 0.024 ps/nm^/km. A 
permissible dispersion width of transmission limits in 
such optcal transmission is described, for example, in 
"Optfcal Rber Communication (OFC'96) Techncal di- 
gest Postdeadline paper PD 1 9 (1 996)"; and, according 
to its description, the limit of penmissible dispersion 
width is about 200 ps/nm when the bandwidth ^32.4 
nm in the optcal transmission over 1 50 km of a single- 
mode optical fiber. In view of this, for carrying out wide- 
band, high-speed WDM transmission in an optical fiber 
transmission line having a length of 150 km or more, it 
is necessary that the total dispersion slope of the optcal 
transmission line be -0.024 ps/nm^/km or more but 
0.024 ps/nm^/km or less. 

[0037] Further, when a dispersion-compensating fiber 
whch is adapted to yield a total dispersion slope value 
of -0.012 ps/nm2/km or more but 0.012 ps/nm2/km or 
less is employed, an optcal transmission system capa- 
ble of higher-speed optcal transmission can be real- 
ized. Namely, the total dispersion slope value is needed 
to be made further smaller in high-speed optical trans- 
mission at 20 Gbits/sec or at 30 Gbits/sec. According to 
the description in "Optical Fiber Communication 



(OFC'96) Techncal digest Postdeadline paper PD 19 
(1 996)," optical transmission over a distance up to about 
500 to 600 km is possible when the total disp rsion 
slope is -0.01 2 ps/nm2/km or more but 0.01 2 ps/nm^/km 
5 or less. 

[0038] Here, in order to constitute the optical trans- 
mission system as mentioned above, the length Lqcf 
the dispersion-compensating fiber is set so as to satisfy 
the following condition with respect to light having a 
10 wavelength Xm in signal wavelengths within the wave- 
length band in use: 

IDDSp(Xm) • Ldsf + DDCF(^m) • ^ 200 ps / nm 

15 

where 

Ddsf(5^) the dispersion of the dispersion-shifted 
fiber at the wavelength Xm; 
20 Lqsf is the length of the dispersion-shifted fiber; 

Dqcf{>J^) is the dispersion of the dispersion-com- 
pensating fiber at the wavelength Am; and 
Ldcf is the length of the dispersion-compensating 
fiber. 

25 

[0039] More preferably, the length LpQp of the disper- 
sion-compensating fiber is set so as to satisfy, with re- 
spect to all signal wavelengths X^i of light within the 
wavelength band in use, the following conditk>n: 

30 

'DDSF(>-aii) • Ldsf + DdcfO-oii) • Ldcf* ^ 200 ps / nm 
where 

35 

Ddsf(^) *s the disperscn of the dispersion-shifted 
fiber at all the wavelengths X^i in use; 
Lpsp is the length of the disperston-shifted fiber. 
DqcfC^W *s the dispersion of the dispersion-com- 
40 pensating fit>er at all the wavelengths in use; and 
Lqqp is the length of the dispersion-compensating 
fiber. 

[0040] The dispersion compensation ratio, whch is 
45 employed as an index for evaluating the disperston- 
compensating fiber together with the atx)ve-mentioned 
total dispersion slope value, will now be explained. In 
this specifcation, the dispersion compensation ratio of 
the dispersion-compensating fiber for compensating for 
50 the dispersion-shifted fiber is defined as the value ob- 
tained when the ratio of the dispersion slope of the dis- 
persion-compensating fiber to the dispersion slope of 
the dispersion-shifted fiber at a wavelength of 1 .55 ^m 
is divided by the ratio of the dispersion of the dispersron- 
55 compensating fiber to the dispersion of the dispersion- 
shifted fiber at a wavelength of 1 .55 pjn, and represents, 
when an optcal transmission system is constituted by 
the dispersion-shifted fiber and the dispersion-compen- 
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sating fiber, the correlation between the total dispersion 
and total dispersion slope In the optical transmission 
system. Namely, letting Oqqp be the dispersion of the 
dispersion-shifted fiber, S^gp be the dispersion slope 
thereof, Dpcp be th dispersion of the disp rs ion-com- 
pensating fiber, and Sqq^ be the dispersion slope there- 
of, the dispersion compensation ratio DSCR is given by: 

DSCR = (Sjjcf^dcf) ^ (Sqsf ^dsf) 

[0041 1 For example, in an optical transmission system 
having a dispersion compensation ratio of 1 00%, the ra- 
tio in length between the dispersion-shifted fiber and the 
dispersion-compensating fiber is set such that the total 
dispersion becomes zero, whereby the total dispersion 
slope value becomes 0 ps/nm^km simultaneously, thus 
completely compensating for the total dispersion and to- 
tal dispersion slope at the same time. In an optical trans- 
mission system having a dispersion compensation ratio 
of 50%, for example, which is not greater than 1 00%, 
on the other hand, the total dispersion slope can be com- 
pensated for by only 50% even if the ratio in length be- 
tween the dispersion^hifted fiber and the dispersion- 
compensating fiber is set such that the total dispersion 
becomes zero. In this case, if the dispersion slope of the 
dispersion-shifted fiber is 0.07 ps/nm^/km , then the total 
dispersion slope afterthe compensation becomes 0.035 
ps/nm^/tar. in an optical transmission system having a 
dispersion compensation ratio of 150%, for example, 
which is not lower than 100%, in contrast, the total dis- 
persion slope can be compensated for in excess by 50% 
even if the ratio in length between the dispersion-shifted 
fiber and the dispersion-corr^ensating fiber is set such 
that its total dispersion becomes zero. In this case, if the 
dispersion slope of the dispersion-shifted fiber is 0.07 
ps/nm2/km, then the total dispersion slope after the 
compensation becomes -0.035 ps/nnr>?/km. 
[0042] With regard to the optical transmission system 
to which the dispersion-compensating fiber according to 
the present invention is applied, the condition for the to- 
tal dispersion sbpe to become -0.024 ps/nm^km or 
more but 0.024 ps/nm^/km or less corresponds to, for 
example, the state where the dispersion compensation 
ratio is about 66% or more but 1 34% or less in the case 
where the dispersion-connpensating fiber is connected 
to the dispersion-shifted fiber whose dispersion slope is 
0.07 ps/nm^/km. Similarly, the conditk)n for the total dis- 
persion stope of -0.012 ps/nm^km or more but 0.012 
ps/nm2/km or less con^esponds to the state where the 
dispersion compensation ratio is about 83% or more but 
117% or less. 

[0043] The configuration of such an optk:al transmis- 
sion system is not limited to that mentioned above. For 
example, though the dispersion-compensating tiber 1 00 
is arranged downstream from the dispersion-shifted fib- 
er 200 in Fig. 2, it may be located upstream from the 
dispersion-shifted fiber 200. Also, th optk^al transmis- 



sion line of th optical transmission system shown in Fig. 
2 may be an optical transmission line network capable 
of bidirectional communfcations. As the optfcal fiber 
transmission line 300, not only a singIe-nfK)d optical fib- 

5 er but also other modes of optical fibers may b m- 
pioyed as required. If necessary, repeaters and the like 
can be installed on the transmission line. 
[0044] Specif k; embodiments of the dispersion-com- 
pensating fiber according to the present invention and 

10 their characteristics will now be explained. Here, all of 
various characteristics such as dispersion and disper- 
sion stope in each of the embodiments set forth in the 
following are based on results of cak^ulations employing 
a finite-element method. 

15 

(First Embodiment) 

[0045] The cross-sectional structure of the disper- 
sion-compensating fiber according to the first embodi- 

20 ment and its refractive index profile are similar to the 
cross-sectional structure shown in Rg. 1A and the re- 
fractive index profile shown in Rg. 1 B, respectively. Pre- 
pared as the dispersion-compensating fiber according 
to the first embodiment were four kinds of samples in 

25 which the relative refractive index difference of the 
core 1 with respect to the third cladding 4, the relative 
refractive index difference A2 of the first cladding 2 witii 
respect to the third cladding 4, the relative refractive in- 
dex difference A3 of the second cladding 3 with respect 

30 to the third cladding 4, and the ratio 2a/2b of the outside 
diameter 2a of the core 1 to the outside diameter 2b of 
the first cladding 2 were fixed at 1 .1%, -0.7%, 0.08%, 
and 0.42, respectively, whereas the respective values 
of the ratio 2a/2c of the outside diameter 2a of the core 

35 1 to the outside diameter 2c of the second cladding 3 
were (a) 0.10, (b) 0.13, (c) 0.15, and (d) 0.20. Here, the 
relative refractive index differences A^. Ag, and A3, and 
2a/2b mentioned above satisfy the indivklual condittons 
(1), (2), (3), (6), and (7) mentioned above, whereas 2a/ 

^ 2b mentioned above satisfies condition (4), 

[0046] Rgs. 3A to 3C are graphs showing the disper- 
sion (Da to Dd), dispersion slope (Sa to Sd), and bend- 
ing loss at a diameter of 60 mm (Ba to Bd) for each value 
of 2a/2c with respect to light having a wavelength of 1 .55 

45 \m\. Here, suffixes a to d con^espond to the respective 
values (a) to (d) of 2a/2c. Each abscissa indicates the 
outside diameter 2a of the core 1 , and the bending loss 
is a small value of about 1 0"^ 6B/m or less within the 
cak^lated range. Also, the dispersion and the disper- 
se sion slope are within the range of about -50 to 0 ps/nm/ 
km and the range of about -2.0 to 0 ps/nm^/km, respec- 
tively. 

[0047] Relationships between the dispersion and dis- 
persion slope are indk:ated by Aa to Ad in Rg. 4. in the 
55 graph of Fig. 4, dotted lines PO to P4 indicate dispersion 
compensation ratios in th case where connection to a 
dispersion-shifted fiber having a dispersion of 2 ps/nrrV 
km and a dispersion slope of 0.07 ps/nm^/km at a wave- 
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length of 1.55 is assumed. Dotted line PO indicates 
the case where the dispersion compensation ratio Is 
100%, and con'esponds to the state where the disper- 
sion Is completely compensated for and the total disper- 
sion slope is 0 ps/nm2/km. Dotted lines PI and P2 indi- 
cate the cases where the dispersion compensation ratio 
is about 66% and 1 34%. respectively, and similarly cor- 
respond to the states where the total dispersion slope 
is 0.024 and -0.024 ps/nm2/km, respe<^lvety. Dotted 
lines P3 and P4 indicate the cases where the dispersion 
compensation ratio is about 83% and 117%, respective- 
ly, and con-espond to the states where the total disper- 
sion slope is 0.012 and -0.012 ps/nm^/km, respectively. 
From these retatbnshlps, it can be seen that the case 

(a) where the value of 2a/2c is 0.10 is the most prefer- 
able as the dispersion-compensating fiber of this em- 
bodiment. Namely, in the case where the relative refrac- 
tive index difference A3 of the second cladding 3 with 
respect to the third cladding 4 is 0.08%, a dispersion- 
compensating fiber which can effectively restrain bend- 
ing loss from increasing is obtained when the outside 
diameter 2c of the second cladding 3 is enhanced. 

(Second Embodiment) 

[0048] As with the first embodiment, the second em- 
bodinnent has the structure and refractive index profile 
shown in Rgs. 1 A and IB. Prepared as the dispersion- 
compensating fiber according to the second embodi- 
ment were three kinds of sanrples in whch the relative 
refractive index difference of the core 1 with respect 
to the third cladding 4, the relative refractive index dif- 
ference A2 of the first cladding 2 with respect to the third 
cladding 4, the relative refractive index difference A3 of 
the second cladding 3 with respect to the third cladding 
4, and the ratio 2b/2c of the outside diameter 2b of the 
first cladding 2 to the outside dianr>eter 2c of the second 
cladding 3 were fixed at 2.5%, -0.7%. 0.08%, and 0.44, 
respectively, whereas the respective values of the ratio 
2a/2b of the outside diameter 2a of the core 1 to the 
outside diameter 2b of the first cladding 2 were (a) 0.25, 

(b) 0.34, and (c) 0.41 . Here, the relative refractive index 
differences A^, A2, and A3, and 2b/2c mentioned above 
satisfy the individual conditions (1 ), (2), (3), and (8) men- 
tioned above, whereas each of the three kinds of 2a/2b 
mentioned above satisfies conditk>ns (4) and (6). 
[0049] Figs. 5A to 5C are graphs showing the disper- 
sion (Da to Dc), dispersion slope (Sato Sc), and bending 
toss at a diameter of 60 mm (Ba to Be) for each value 
of 2a/2b with respect to light having a wavelength of 1 .55 
^im. Here, suffixes a to c correspond to the respective 
values (a) to (c) of 2b^c. Each abscissa indicates the 
outside diameter 2a of the core 1 , and the bending loss 
is a small value of about 10"^ dB/m or less within the 
calculated range. Also, the dispersion and the disper- 
sion slope are within the range of about -200 to -50 ps/ 
nnn/km and the range of about -2.0 to 0 ps/nm^/km, re- 
spectiveiy. 



[0050] Relationships between the dispersion and dis- 
persion slope are indicated by Aa to Ac in Fig. 6, In the 
graph of Fig. 6, dotted lines PO to P4 indicate dispersion 
compensation ratios in the case wher connection to a 

5 dispersion-shifted fiber having a dispersion of 5 ps/nm/ 
km and a dispersion slope of 0.07 ps/nm2/km at a wave- 
length of 1 .55 Jim is assumed. The disperston compen- 
sation ratio and total dispersion sk>pe corresponding to 
each dotted line are similar to those in the graph of Fig. 

10 4. From these relationships, it can be seen that the case 
(a) where the value of 2a/2c is 0.25 is the most prefer- 
able as the dispersion-compensating fiber of this em- 
bodiment. 

[0051] Here, although the above-mentioned first em- 

15 bodiment is an example in whfch the relative refractive 
index difference A^ of the core 1 with respect to the third 
cladding 4 is 1 .1% and thus satisfies condition (7): 1% 
^ Ai ^ 2%, the relative refractive index difference A^ 
(2.5%) in the second embodiment satisfies condition (8): 

20 2% ^ Ai ^ 3%. Here, while the dispersion is within the 
range of -50 to 0 ps/nm/km in the first embodiment, it is 
within the range of -200 to -50 ps/nm/km in the second 
embodiment, whereby the absolute value of dispersion 
is enhanced as the relative refractive index difference 

25 Ai is made greater. While the same holds true for other 
parameters as well, vanous characteristics of the dis- 
persion-compensating fiber largely depend on these pa- 
rameters concerning the refractive index and outside di- 
ameter as can be seen when the first and second em- 

30 bodtments are compared with each other, whereby it is 
important that the individual parameters be optimized 
so as to yield characteristcs corresponding to the use 
of the dispersion-compensating fiber or necessary con- 
ditions. 

35 

(Third Embodiment) 

[0052] /Vs with the first and second embodiments, the 
third emt)odiment has the structure and refractive index 

40 profile shown in Figs. 1 A and 1B. Prepared as the dis- 
persion-compensating Tiber according to the third em- 
bodiment were a plurality of sannptes in which ttie rela- 
tive refractive index difference A-, of the core 1 with re- 
spect to the ttiird cladding 4, the relath^e refractive index 

45 difference A3 of the second cladding 3 with respect to 
ttie third cladding 4. the ratio 2a/2b of the outside diam- 
eter 2a of the core 1 to ttie outside diameter 2b of the 
first cladding, the ratio 2a/2c of the outside diameter 2a 
of the core 1 to the outside diameter 2c of the second 

50 cladding 3 were fixed at 1 .4%. 0.4%, 0.4, and 0.27, re- 
spectively, whereas the relative refractive index differ- 
ence Ag of the first cladding witti respect to the third clad- 
ding 4 was within the range of -0.8% to -0.3%. Here, the 
relative refractive index differences A^ and A3, 2a/2b, 

55 and 2a/2c mentioned above satisfy the individual con- 
ditions (1), (2), (4), (5), (6), and (7) mentioned above, 
whereas the above-mentioned relative refractive Index 
difference A2 satisfies condition (3) except for a sample 
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in which it is -0.3%. 

[0053] Relationships between the dispersion and dis- 
persion slope of th dispersion-compensating fiber ac- 
cording to th third embodiment are shown in the graph 
of Fig. 7. In this graph, dotted lines PO to P4 indicate 
dispersion compensation ratios in th case where con- 
nection to a dispersion-shifted fiber having a dispersion 
of 5 ps/nm/km and a dispersion slope of 0.07 ps/nm^/ 
km at a wavelength of 1 .55 ^lm is assumed. The values 
of dispersion compensation ratio and total dispersion 
slope con-esponding to each dotted line are similar to 
those in the graph of Rg. 4. As can also be seen from 
this graph, the absolute value of the dispersion slope 
with respect to a given dispersion value becomes great- 
er as the absolute value of ^2 increases (-0.8%, 
-0.7%, .... -0.3%) and, if A2 is set in the vicinity of -0.7%, 
approaches doted tine PO whk^h indcates a dispersion 
compensation ratio of 100%, thereby making it possble 
to compensate for the dispersion slope in a wide range 
of dispersion value at the same time as well. 
[0054] Figs. 8A to 8E are graphs showing the total dis- 
persion slope, dispersion, bending loss at a diameter of 
20 mm, effective area A^, and cutoff wavelength with 
respect to tight having a wavelength of 1 .55 when 
A2 = -0.7% as a preferable value, respectively. In each 
graph, the abscissa indicates the outside diameter 2a 
of the core 1 . Here, while the total dispersion slope is a 
value obtained under the condition where the dispersion 
at a wavelength of 1 .55 pjn is completely compensated 
for with respect to the dispersion-shifted fiber having the 
above-mentioned dispersion and dispersion slope, the 
absolute value of total dispersion slope is suppressed 
to 0.012 ps/nm2/km or less over a very wide range 
where the outside diameter 2a of the core 1 is about 
4.84 to 5.13 ^m. l-lere, the absolute value of total dis- 
persion slope was 0.024 ps/nm^/km or less over the 
whole cakxilated range. 

[0055] There are cases where the dispersion-com- 
pensating fiber is used as a module in a state accom- 
modated within a predetermined container while being 
wound like a coil. Therefore, it is necessary to take ac- 
count of the bending loss of the dispersk>n-compensat- 
ing fiber. Here, letting the upper limit of bending toss at 
a diameter of 20 mm be 5 dB/m, the lower limit of the 
outside diameter 2a of the core is 4.86 ^m as can also 
be seen from the graph of Fig. 8C. Further, in order to 
decrease the necessary fiber length by enhancing the 
disperston compensation efficiency of the dispersion- 
compensating fiber, it is important that the absolute val- 
ue of the dispersion having a negative value be made 
greater. In the third embodiment, a dispersion as large 
as about -60 ps/nm/km can be achieved as indicated in 
the graph of Fig. 8B. Consequently, the necessary fiber 
length of the dispersion-compensating fiber can be- 
come about 1/10 of the dispersion-shifted fiber trans- 
mission line. 

[0056] As for the bending loss, though the value of 
bending loss at a diameter of 20 mm is indicated in the 



explanation of th third embodiment, the bending loss 
at a diameter of 60 mm becomes a value smaller than 
that at the diam terof20mm, 
[0057] In the case of the disp rsion-compensatingfib- 

5 er according to the third embodiment, the effectiv area 
is about 1 7 pjn (see Rg. BD), thus being on a par 
with that of the current dispersion-compensating fiber. 
Also, the cutoff wavelength of the second-order mode 
at a fiber length of 2 m is about 1.8 \mi (see Fig. 8E). 

10 Here, though the single mode is not guaranteed at the 
fiber length of 2 m in this embodiment, the single mode 
is guaranteed in actual uses since there exists a suffi- 
cient fiber length due to the distance dependence of cut- 
off wavelength. 

IS 

(Fourth Embodiment) 

[0058] In an optbal transmission line including a dis- 
persion-shifted fiber of a 1.56-fim wavelength band. 

20 there are cases where it is necessary to carry out WDM 
transmission of a 1 .58-^m wavelength band in order to 
suppress nonlinear effects, and the dispersion-compen- 
sating fiber according to the present invention is also 
applicable to such cases. 

25 [0059] Rg. 9 is a graph showing an example of the 
wavelength dependence of the dispersion and disper- 
sion slope in the fourth embodiment of the disperston- 
compensating fiber according to the present invention. 
Here, C1 indcates the curve of dispersion slope, where- 

30 as C2 indcates the curve of dispersion. If the minimum 
value of dispersion is appropriately selected, a large dis- 
persion sk>pe can be obtained, for example, in a region 
with a large absolute value of dispersion on the order of 
-1 50 to -300 ps/nm/km. Though such a region is sus- 

35 ceptibleto bending loss, in thecase of a dispersion-shift- 
ed fiber having a dispersion on the order of 1 .5 to 3.0 
ps^m/km with respect to light in the 1 .58-jim wave- 
length band, the dispersion and dispersion slope of the 
dispersion-shifted fiber having a length of about 80 km 

^ can be comper^ated for by a length of less th£in 1 km. 
Therefore, while the minimum diameter of the module 
(in which the dispersion-compensating fiber is wound 
like a coil) is set greater and the refractive index of the 
second cladding 3 is made greater, so as to yield a stmc- 

^5 ture resistant to bending, the distance dependence of 
the cutoff wavelength Ac is employed, whereby a prac- 
tically usable dispersion-compensating fiber is ob- 
tained. 

POSO] Rg. 10 is a graph showing an example of 
50 wavelength dependence of the dispersion in a disper- 
sion-compensating fiber having a triple dadding stmc- 
ture (indcated by CI 00 in the graph) and the dispersion 
in a dispersion -compensating fiber having a double 
cladding structure (indk^ted by C200 in the graph) 
55 which is a comparative example. While the dispersion 
in the dispersion-compensating fiber of doubl cladding 
structure has a minimum value near the base cutoff 
wavelength (wavelength to become a maximum), no 
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base cutoff wavelength is seen in the dispersion-com- 
pensating fiber of triple cladding structure, whereby a 
large negative dispersion value can be realized. 
[0061 ] Here, Fig. 1 1 shows the refractive index profile 
560 of the dispersion-connpensating fiber of double clad- 
ding stmcture, which is a comparative exampi , and the 
dispersion-compensating fiber of the comparative ex- 
ample corresponds to a structure in which the second 
cladding 3 (con-esponding to the area 30) is excluded 
from the triple cladding structure shown in Fig. 1 A (i.e., 
2d = 2b). Consequently, in the refractive index profile 
560 of Rg. 11 , areas 561 , 562, and 563 indicate the re- 
fractive indices of the core portion, first cladding portion, 
and second cladding portion con-esponding to the indi- 
vidual parts on the line L of the core 1 , first cladding 2, 
and third cladding 4 shown in Fig. 1A, respectively. 
Hence, the dispersion-compensating fiber as the com- 
parative example comprises the core portion having a 
refractive index n^ and an outside diameter 2a; the first 
cladding portion provided on the outer periphery of the 
core portion and having a refractive index n2 (< n^) and 
an outside diameter 2d; and the second cladding portion 
provided on the outer periphery of the first dadding por- 
tion and having a refractive index n3 (> n2, and < n^). 
Also, shown in Fig. 11 is the relative refractwe index 
difference of the core portion with respect to the above- 
mentioned second cladding portion, whereas A2 is the 
relative refractive index difference of the core portion 
with respect to the above-mentioned second cladding 
portion. 

[0062] Curves Ca to Ce in Fig. 12 indicate relation- 
ships between the dispersion and the core outside di- 
ameter 2a in the case where the value of A-i is changed, 
whereas curves Ba to Be in Fig. 1 3 indicate relationships 
between the dispersion and the bending loss at a diam- 
eter of 40 mm in the case where the value of A^ is 
changed. Suffixes a to e in these graphs correspond to 
respective cases where A^ is set to (a) 1 .83, (b) 2.13, 
(c) 2.42, (d) 2.71 , and (e) 2.99, whereas Ag, A3, 2a/2c, 
and 2a/2b are fixed at -0.67%. 0.147%. 0.125. 0.25. and 
0.5 in each case, respectivety- 

[0063] When the relative refractive index difference 
Ai is set low, the negative peak value of dispersion can 
be made greater, whereby a large dispersion slope can 
be obtained in a larger area of the core outside diameter 
2a from the peak. From the viewpoint of bending loss, 
on the other hand, it is desirable that A^ be higher with 
respect to the same dispersion value. Balancing these 
opposite effects, an optimal value of A-i can be derived. 
[0064] Curves Ca to Ce in Fig. 14 indicate relation- 
ships between the dispersion and the outer core diam- 
eter 2a in the case where the value of 2a/2b is changed, 
whereas curves Bato Be in Fig. 1 5 indicate relationships 
between the dispersion and the bending loss at a diam- 
eter of 40 mm in the case where the value of 2a/2b is 
Chang d. Suffixes a to e in these graphs con^espond to 
respective cases where 2a/2b is set to (a) 0.231 , (b) 
0.242, (c) 0.250, (d) 0.263, and (e) 0.273, whereas A-,, 



A2, A3, and 2a/2c are fixed at 2.51%, -0.67%. 0.147%. 
and 0.125 in each case, respectively. 
[0065] In particular, while the negativ peak value of 
dispersion can be increased when 2a/2b is made smalt- 

5 er, its effect is opposrt to the b nding loss as in the case 
where the refractive index A^ is changed. 
[0066] Further, curves Ca to Cf in Fig. 1 6 Indicate re- 
lationships between the dispersion and the outer core 
diameter 2a in the case where the value of 2a/2c is 

10 changed, whereas curves Ba to K in Fig. 17 indk:ate 
relationships between the dispersion and tiie bending 
loss at a diameter of 40 mm in the case where the value 
of 2a/2c is changed. Suffixes a to f in these graphs cor- 
respond to respective cases where 2a/2c is set to (a) 

15 0.101, (b) 110, (c) 0.117, (d) 0.125, (e) 0.133, and (f) 
0.1 56. whereas A^ , Ag. A3, and 2a/2b are fixed at 2.51 %, 
-0.67%, 0.147%, and 0.25 in each case, respectively. 
[0067] In both of respective cases where 2a/2c is en- 
hanced and reduced, the negative peak value of disper- 

20 sion tends to increase. In view of the dependence of 
bending loss on the dispersion value, on the other hand, 
the effect of improving the bending loss is greater when 
2a/2c is smaller, whereby rt is desirable that the value 
of 2a/2c be smaller. Here, it is necessary that an appro- 

25 piiate value be selected such that the cutoff wavelength 
Ac does not become too long. 

[0068] Rgs. 18 and 19 show graphs indicating the 
wavelength dependence characteristcs of optical trans- 
mission systems each comprising such a dtspersbn- 
30 compensating fiber and a dispersion-shifted fiber. As in- 
dividual parameters of the dispersion-compensating fib- 
er, Ai , A2, A3, 2a/2c, 2a/2b, and 2b/2c are set to 2.51 %, 
-0.67%, 0.147%, 0.11. 0.25, and 0.44, respectively. Al- 
so, a dispersion-shifted fiber having a zero-dispersion 
35 wavelengtii of 1 .536 ixm and a dispersion slope of 0.066 
ps/nnn^km is assumed to be the object to be compen- 
sated for in the optical transmission system having the 
wavelength dependence of dispersion shown in Fig. 1 8, 
whereas a dispersion-shifted fiber having a zero-disper- 
40 sion wavelength of 1 .552 (im and a dispersionslope of 
0.075 ps/nnn2/|Qp is assumed to be the object to be conrv 
pensated for in the optical transmission system having 
the wavelength dependence of dispersion shown in Fig. 
1 9. In any case, a low dispersion value is realized within 
45 the wavelength range of 1 .57 to 1 .60 jun. 

[0069] Rgs. 20 and 21 show configurational exam- 
ples of the optical transmission system for carrying out 
WDM transmission of a 1 .58-jim wavelength band, to 
which a dispersion-compensating fiber and a disper- 
se sion-shifted fiber such as those mentioned above are 
applied. In the optical transmission system of Fig. 20, 
two repeating amplifiers 600 (EDFA: Erbium-doped fiber 
amplifierforthe 1 .58-Min wavelength band) are installed 
in a transmission line between a transmitter 400 and a 
55 receiver 500, whereas a dispersion -shifted fiber 200 
having a length of 94 km and a disp rsion-compensat- 
ing fiber 100 having a length of 1 km for compensating 
for the dispersion and dispersion slope of the disper- 
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sion-shifted fiber 200 are installed between the rep at- 
ing amptrflers 600. 

[0070] In the optical transmission systenn of Fig. 21, 
on the oth r hand, a preamplifier 700 and a back-end 
amplifier 800 are installed in a transmission lin be- 
tween a transmitter 400 and a receiver 500, whereas a 
plurality of (four in the drawing) repeating amplifiers 600 
are installed between the preamplifier 700 and the back- 
end amplifier 800. A dispersion-shifted fiber 200 having 
a length of 80 km is installed between each pair of the 
repeating amplifiers 600. On the other hand, a disper- 
sion-compensating fiber 1 00 having a length of 4.8 km 
is installed between the back-end amplifier 800 and the 
receiver 500, so as to compensate for the dispersion 
and dispersion slope in the optical transmission system. 
In these optcal transmission systems, a 1.56- to 
1 .61 -nm eight-wave multiplexing transmitter, for exam- 
ple, is employed as the transmitter 400. 
[0071] The length of each fiber and the like in the ex- 
planation of the optical transmission systems shown in 
Rgs. 20 and 21 are just examples thereof, and are set 
appropriately according to characteristics of the individ- 
ual fibers so as to realize dispersion compensation and 
the like. 

Industrial Applicability 

[0072] In the dispersion-compensating fiber accord- 
ing to the present invention, as explained in the forego- 
ing, a triple cladding stmcture is empbyed in the disper- 
sion-corr^ensating fiber for carrying out the dispersion 
compensation for the dispersbn-shifted fiber, and the 
refractive index and outer diameter of each part thereof 
are optimized, wheret>y the dispersion slope can also 
be suff'cientty compensated for at the same time when 
dispersk>n compensation is carried out. 
[0073] Also, since the relative refractive index differ- 
ence of the core portion and the like are set such that 
the at>solute value of dispersion is sufficiently en- 
hanced, the length of the dispersion-compensating fiber 
necessary for dispersion compensation (ratio of its 
length to that of the dispersion-shifted fiber to t>e com- 
pensated for) can be decreased, and the bending loss 
can be made suffcientty small. As a result, when the 
dispersbn-compensating f ber is wound like a coil so as 
to construct a module, the latter can be made smaller, 
and efffcient compensation of dispersion and dispersion 
slope can be realized. 



Claims 

1 . A dispersion-compensating fiber for compensating 
for a dispersion of a predetermined length of a dis- 
persion-shifted fiber having a zero-dispersion 
wavelength in a 1 .5-pjn wavelength band, compris- 
ing: 



a core region extending along a predetemnined 
reference axis and having a core with an out- 
sid diameter 2a; and 

a cladding region whch is a region provided on 
5 the outer periphery of said core region, said 

cladding region having a first cladding provided 
on the outer periphery of said core and having 
an outside diameter 2b, a second cladding pro- 
vided on the outer periphery of said first clad- 
10 ding and having an outside diameter 2c, and a 

third cladding provided on the outer periphery 
of said second cladding, 
wherein a refractive index n^ of said core, a re- 
fractive index ^2 of said first cladding, a refrac- 
ts tive index n3 of said second cladding, and a re- 
fractive index n^ of said third cladding satisfy 

n^ > n3 > n^ > n2', 

20 

wherein respective relative refractive index dif- 
ferences Ai and A2 of said core and said First 
cladding with respect to said third cladding sat- 
isfy 

25 

1%^ A, ^3%, 

and 

30 

^2 ^ -0.4%; 

wherein the ratio of the outside diameter of said 
35 core with respect to the outside diameter of said 

second cladding satisfies 

2a / 2c ^ 0.3; 

40 

and 

wherein, when said predetermined length of 
dispersion-shifted fit>er and sakj dispersk>n- 
compensating fber having a length suffdentto 

45 compensate for the dispersion of said disper- 

sion-shifted fiber are optbally connected to 
each otherto constitute an optcal transmission 
system, said dispersion-compensating fber 
causes a total dispersion slope in said optical 

50 transmission system to have an absolute value 

of 0.024 ps/nm2/km or less with respect to light 
having a shortest wavelength and tight having 
a longest wavelength in signal wavelengths 
within a wavelength band in use. 

55 

2. A dispersion-compensating fiber according to claim 
1, wherein said disp rsion-compensating fiber 
causes the total dispersion slope in said optical 
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transmission system to have an absolute value of 
0.012 ps/nnn^/km or less with respect to light having 
the shortest wavelength and light having the longest 
wavelength in signal wavelengths within the wave- 
length band in use. ^ 

3. A dispersion-compensating fiber for compensating 
for a dispersion of a predetermined length of a dis- 
persion-shifted fiber having a zero-dispersion 
wavelength in a 1 .S-pjn wavelength band, compris- io 
ing: 

a core region extending along a predetemnined 
reference axis and having a core with an out- 
side diameter 2a; and 

a cladding region which is a region provided on 
the outer periphery of said core region, said 
cladding region having a first cladding provided 
on the outer periphery of said core and having 
an outside diameter 2b, a second cladding pro- 20 
vided on the outer periphery of said first clad- 
ding and having an outside diameter 2c, and a 
third cladding provided on the outer periphery 
of said second cladding, 

wherein a refractive index n^ of said core, a re- 25 
fractive index n2 of said first cladding, a refrac- 
tive index n3 of said second cladding, and a re- 
fractive index n4 of said third cladding satisfy 

30 

n^ > n3 > n^ > 

wherein respective relative refractive index dif- 
ferences Ai and A2 of said core and said first 
cladding with respect to said third cladding sat- 35 
isfy 

1% ^ ^ 3%, 

40 

and 



4. Adispersion-compensating fib r according to claim 
1 or 3, wherein said dispersion-compensating fiber 
has a length Lqcf satisfying, with respect to light 
having a wavelength Xm in signal wavelengths with- 
in the wavelength band in use, th following condi- 
tion: 

IDDsF(>''rn) • Ldsf + Ddcf(^"^) " ^ocf^ ^ 200 ps / nm 
where 

DQSp(Xm) is the dispersion of the dispersion- 
shifted fiber at the wavelength Xm; 
Ldsf length of the dispersion-shifted fib- 
er; 

Ddcf{^) dispersion of the dispersion- 
compensating fiber at the wavelength Xm; and 
Lqcf is the length of the dispersion-compensat- 
ing fiber. 

5. A dispersion-compensating fiber according to claim 
4, wherein the length Lqcf ^^'^ dispersion-com- 
pensating fiber satisfies, with respect to ail signal 
wavelengths of light within the wavelength band 
in use, the folbwing condition: 

'DDSpC^'aii) • Ldsf + DpcFC^-aii) * Ldcf' ^ 200 ps / nm 
where 

Ddsf{5^) dispersion of the dispersion- 
shifted fiber at all the wavelengths X^i in use; 
Lqsf *s ^® length of the dispersion-shifted fib- 
er; 

Ddcf(^i) is the dispersion of the dispersion- 
compensating fiber at all the wavelengths X^ii 
in use; and 

Lqcf *s the length of the dispersion-compensat- 
ing fitter. 



Ag ^ -0.4%; 

45 

wherein the ratio of the outside diameter of said 
core to the outside diameter of said second 
cladding satisfies 

50 

2a/2c^ 0.3; 



and 

wherein said dispersion-compensating fiber 
has a length sufficient to compensate for the 55 
dispersion of said predetermined length of dis- 
persion-shifted fiber. 



A dispersion-compensating fiber according to claim 
1 or 3, wherein the relative refractive index differ- 
ence A^ of said core with respect to said third clad- 
ding satisfies the following condition: 

1% ^ A^ ^ 2%. 

A dispersion-compensating fiber according to claim 
1 or 3, wherein the relative refractive index differ- 
ence A-i of said core with respect to said third clad- 
ding satisfies the following condition: 

2% ^ A^ ^ 3%, 



13 



25 



EP 1 130 428 A1 



8. A dispersion-compensating fiber according to claim 
1 or 3, wherein a relative refractive index 
differenceAa of said second cladding with respect 
to said third cladding satisfies the following condi- 
tion: 5 

A3 ^ 0.1%. 

9. A dispersion-compensating fiber according to clainn 10 
1 or 3, wherein the ratio of the outside diameter of 
said core to the outside diameter of said first clad- 
ding satisfies the following condition: 

IS 

0.2 ^ 2a/2b ^ 0.5. 

1 0. A dispersion-compensating fiber according to claim 
1 or 3, wherein, with respect to light having a wave- 
length of 1.55 pjn, said dispersion-compensating 20 
fiber has a bending loss of 1 0 dB/m or less at a di- 
ameter of 60 mm, a polarization mode dispersion of 

0.5 ps • km-'"2 or less, and a transmission loss of 1 
dB/km or less. 

25 

11. An optical transmission system comprising: 

a predetemnined length of a dispersion-shifted 
fiber having a zero-dispersion wavelength in a 
1 .55-jim wavelength band; and 30 
the dispersion-compensating fiber according to 
claim 1 or 3; 

wherein said optical transmission system has 
a total dispersion slope whose absolute value 
is 0.024 ps/nnn^/kni or less with respect to light 35 
having a shortest wavelength and light having 
a longest wavelength in signal wavelengths 
within a wavelength band in use. 

12. An optical transmission system according to claim 40 
11 , wherein the absolute value of total dispersion 
slope in said optical transmission system is 0.012 
ps/nm2/km or less with respect to light having the 
shortest wavelength and light having the longest 
wavelength in signal wavelengths within the wave- 45 
length t>and in use. 
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Fig. 6 
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Fig. 7 
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Fig.8B 
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Fig.9 
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Fig. 11 
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Fig.12 
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Fig.14 
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